By determining the extent of racemization of aspartic acid in a well-dated bone, it is possible to calculate the in situ first-order rate constant for the interconversion of the L and D enantiomers of aspartic acid. Collagen-based radiocarbon-dated bones are shown to be suitable samples for use in "calibrating" the racemization reaction. Once the aspartic-acid racemization reaction has been "calibrated" for a site, the reaction can be used to date other bones from the deposit. Ages deduced by this method are in good agreement with radiocarbon ages. These results provide evidence that the aspartic-acid racemization reaction is an important chronological tool for dating bones either too old or too small for radiocarbon dating. As an example of the potential application of the technique for dating fossil man, a piece of Rhodesian Man from Broken Hill, Zambia, was analyzed and tentatively assigned an age of about 110,000 years.
The amino acids commonly found in living organisms consist mainly of the L-isomers. However, fossil materials have been found to contain D-amino acids, and the proportion of Damino acids to L-amino acids increases with the age of the fossil (1-9). The reaction responsible for this conversion is termed racemization. Each amino acid (with the exception of glycine) undergoes this process, some much faster than others. For example, in bone the racemization half-life (time required for D: L ratio to reach 0.333) at 200 for aspartic acid is about 15,000 years (9) ; at the same temperature the reaction for isoleucine has a half-life in excess of 100,000 years (8) .
The amino-acid racemization reaction has important applications in anthropology and geochronology. Recent studies have shown that the reaction can be used to date deepsea sediments (4) (5) (6) and fossil bones (7) (8) (9) . Because of the much slower reaction rate, the racemization reaction can be used to date fossil materials too old for radiocarbon dating. Unfortunately, one limitation of this method is that the racemization reaction is temperature dependent. Thus, in order to date materials using the degree of racemization, some estimate of the temperature history of the region where the fossil was found must be available.
Recently it has been shown (9) that by determining the extent of racemization of aspartic acid in a bone which has been dated by radiocarbon it is possible to calculate the in situ first-order rate constant for interconversion of the L-isomers and D-isomers of aspartic acid. Once this "calibration" has been carried out for a site, the racemization reaction can be used to date other bones from the area which are either too old or too small for radiocarbon dating. This "calibration" procedure eliminates the need for evaluating the temperature history of a bone before it can be dated using the amino-acid racemization reaction. The only assumption required, in using this approach, is that the average temperature experienced by the "calibration" sample is representative of the average temperature experienced by other samples from the deposit.
Many radiocarbon dates suitable for calibrating the aspartic-acid racemization reaction have been derived from collagen. However, it is important to show the dependability of collagen dates by comparison with measurements made on charcoal or other organic materials.
In this study we establish the dependability of radiocarbon collagen dates and then show the equivalence of collagen and aspartic-acid racemization ages.
Comparison of charcoal (or other organic materials) and collagen radiocarbon dates It is desirable to determine the radiocarbon age of bone directly in order to avoid association problems often found in archaeology. Many times, materials found together are not really contemporaneous, and this can lead to fallacious interpretations.
In the course of the last few years, the basic collagen dating method (10) involving the isolation of bone protein by mild acid treatment has been developed. First it was recognized that sodium hydroxide treatment of raw collagen was necessary in order to remove humic-acid contaminants. Furthermore, bones contaminated with natural oil residues were made suitable for age dating by applying a chromatographic separation procedure which isolates only amino acids native to bone (11) . In addition, Longin refined the purification of collagen by converting it to gelatine, which results in a much cleaner product (12) . For ultimate dependability, a combination of these methods was applied by Protsch to ensure maximum purity of the collagen (13) .
Generally, the collagen content of bones decreases with age or unfavorable environmental conditions to such low levels that considerable quantities of bone may be necessary for accurate dating (Table 2) . Age estimates based on the radiocarbon content of the inorganic portion of bone, notably carbonate, have been shown to be unreliable due to exchange processes involving ground water carbonates of different specific activity (14) .
A number of representative comparisons of radiocarbon ages on collagen and charcoal or other organic materials are listed in Table 1 .
Comparison of collagen and aspartic-acid racemization dates
It is important to test the reliability of dates deduced from the aspartic-acid racemization reaction. Therefore, collagen- based radiocarbon-dated bones from several sites were analyzed for the extent of racemization of aspartic acid. The D: L aspartic-acid ratios in the fossil bones were determined, using the procedures described by Bada and Protsch (9) . One bone from each site was chosen as a "calibration" sample. Based on this "calibration," other bones from the site were dated and these ages compared with the collagen-derived radiocarbon dates. The results of these correlations are shown in Table 2 .
Discussion
It is evident from Table 1 that there is good correspondence between the radiocarbon ages deduced from the charcoal or other organic materials and collagen. These results demonstrate the reliability of collagen-based radiocarbon dates. Table 2 shows that there is excellent agreement between ages deduced from collagen-based radiocarbon and asparticacid racemization. So far, aspartic-acid racemization does not approach the accuracy of radiocarbon determinations for derivation of ages. However, the aspartic-acid racemization method has two advantages over collagen radiocarbon dating in that it requires only gram amounts of bone and analyses can be completed within a few days. By using expendable faunal material to "calibrate" the racemization reaction for a site, only a few grams of valuable hominid material are needed for aspartic-acid racemization dating. For example, we have analyzed a small piece (about 1 g) of human femur from Abri Jumeau, Souzac, Dordogne, France. The femur was the only human material found at the site and was too small for radiocarbon dating. The D: L aspartic-acid ratio was found to be 0.123 and, using the Abri Pataud as a calibration site, this ratio corresponds to an age of about 16,000 years. This age is in good agreement with the associated cultural material (Magdalenian III/IV) and its relative estimated age (16) . These results show that even in the time interval datable by radiocarbon, the aspartic-acid racemization reaction should provide an important chronological tool in paleoanthropology.
Moreover, aspartic-acid dating exceeds the range of radiocarbon. In fact, the racemization reactions of aspartic acid and other amino acids, such as alanine, which racemize at slower rates (17) , may provide a link between radiocarbon and potassium-argon ages. Once a site has been calibrated, it should be possible to directly date [an A.1 date according to Oakley's (18) terminology] samples thought to be too old for radio- There are some precautions which should be mentioned concerning the amino-acid racemization dating technique. Unlike radiocarbon dating, which uses an immutable radioactive decay process, racemization dating uses a chemical change which inherently is temperature dependent. Thus, it is important that the average temperature experienced by the "calibration" sample is representative of the average temperature experienced by the other bones which are to be dated using this calibration. In this respect, a bone of postglacial age would not be a suitable "calibration" sample for use in dating glacial age bones. For example, a bone from Muleta Cave with a radiocarbon age of 8, 570 350 years (UCLA 1704C) and a D: L aspartic-acid ratio of 0.214 gives a kasp value of 1.72 X 10-i year-'. If this sample were used as a "calibration" sample for Muleta Cave, the age of UCLA 1704E would be 13,500 years, which is much younger than both the radiocarbon age and the age derived using UCLA 1704D as the calibration sample. This difference arises because UCLA 1704C has been exposed to only postglacial conditions, while UCLA 1704D has had nearly equal exposure to both glacial and postglacial temperatures.
It is important to note that using UCLA 1704D as a "calibration" sample for Muleta Cave gives an age for UCLA 1704A in reasonable agreement with the radiocarbon age of this bone. This result suggests that bones with ages in the region of about 15,000 to about 20,000 years can be used to date samples which are much older. Evidently the average temperature experienced by a bone about 15,000 to about 20,000 years old is similar to the average temperature experienced by older bones. This is not surprising, since oxygen isotopic evidence (21, 22) and pollen profiles (23) indicate that glacial conditions prevailed over the earth from about 9,000 to 75,000 years ago, with some partially warm intervals occurring between 30,000 to 35,000 and 42,000 to 48,000 years ago.
There is another important aspect to amino-acid racemization dating which must not be overlooked. Since the aminoacid racemization reaction is temperature sensitive, bones which have been heated will produce spurious results. For example, bones of hominid 4 from Gamble's Cave II in East Africa yielded a collagen radiocarbon date of 8210 4-260 years (UCLA 1756). The extent of racemization of aspartic acid gave an unrealistically high age in the tens of thousands of years using as a "calibration" Naivasha, a site which is only a few kilometers away. Close inspection of the Gamble's Cave bone revealed traces of charcoal, indicating that the bone had been burnt. This exposure to elevated temperatures produced a high degree of racemization. Additional work (J. L. Bada, in preparation) with burnt bones has shown that they possess a distinctive amino-acid pattern and that such suspect bones can be easily distinguished.
